INTRODUCTION
Visual-mental imagery is a brain state that gives rise to visual experience on the basis of stored information, not current input from the eyes. Convergent results from psychophysical (Kosslyn, Ball, & Reiser, 1978) , neuroimaging (see Kosslyn, Thompson, & Alpert, 1997; Roland & Gulyas, 1995; Goldenberg, Steiner, Podreka, & Deecke, 1992; Farah, Peronnet, Gonon, & Giard, 1988) and studies of brain-damaged patients (Bisiach & Luzzatti, 1978) have shown that mental imagery shares many of the functional properties and cortical structures used in visual perception.
However, a fundamental question that remains unresolved is whether visual imagery shares the``low-level'' neural mechanisms required to visually perceive the external world. Although many neuroimaging studies have provided support for the involvement of the primary visual cortex during visual imagery (e.g., Thompson & Kosslyn, 2000; Chen et al., 1998; Kosslyn et al., 1993; Kosslyn, Thompson, Kim, & Alpert, 1995; Kosslyn et al., 1999; Le Bihan et al., 1993) , other studies have not found such activation (Mellet et al., 2000; D'Esposito et al., 1997 ; for reviews, see Mellet, Petit, Mazoyer, Denis, & Tzourio, 1998; Roland & Gulyas, 1994) . It is possible that the observed activation in this region is simplỳ`e piphenomenal,'' playing no role in information processing. However, performance in analogous imagery and perception tasks was impaired when neural activity in the medial-occipital cortex was temporarily disrupted by repetitive transcranial magnetic stimulation (rTMS; Kosslyn et al., 1999) . Such results suggest therefore that early visual areas do in fact play a causal role during mental imagery. Thus, we are left with the mystery of why some studies have found activation in these areas, but others have not.
Two classes of accounts for these disparate results can be formulated. First, the nature of the imagery tasks varied in the different experiments, and these differences may be crucial (see Thompson & Kosslyn, 2000; Kosslyn & Ochsner, 1994; Sakai & Miyashita, 1994) . In particular, the primary visual cortex was activated during most imagery tasks that required very detailed images (Kosslyn et al., 1993 , Kosslyn et al., 1995 , Kosslyn et al., 1999 or short-term visual recall (e.g., Chen et al., 1998; Le Bihan et al., 1993) . It is possible that V1, with its highspatial resolution, is necessary only when high levels of detail must be added to the imaged object in order to perform the task (note: given the results of Mellet et al., 2000 , it is unlikely that the requirement to use high resolution per se is crucial; rather, it may be the requirement to add details that rely on high resolution that is critical). Second, differences in the sensitivity of the methods may lie at the heart of the disparate results; studies that failed to detect activation in early visual areas generally relied on the averaging over multiple participants and trials. It is possible either that some previous tasks did not require enough imagery so that the accompanying activation could be detected, or that the methods simply were not sensitive enough to detect activation in this region.
In an effort to distinguish between these alternatives, we used the high-temporal resolution and sensitivity of event-related functional magnetic resonance imaging (ER-fMRI). This technique is significantly more sensitive than previous methods, enabling measures of cerebral activity in relation to a cognitive task (e.g., see Konishi et al., 1998; Richter, Ugurbil, Georgopoulous, & Kim, 1997; Buckner et al., 1996) . At present, most functional neuroimaging studies of mental imagery have relied upon the classical``block-design'' paradigm, where participants must generate mental images for relatively long periods (e.g., 1 min).
In the present study, we measured cerebral activity along the calcarine sulcus (which contains the primary visual cortex) when participants, with eyes closed and in complete darkness, were asked to perform individual imagery trials. There were two events on each trial: first, participants heard the name of an animal and formed a visual image of it (we will refer to this first event as E1); and second, 14 sec later, they heard a possible characteristic of the animal and decided, as quickly and accurately as possible, whether the animal did in fact have that characteristic (half the time it did, and half the Figure 1 . Task design. A single imagery trial is represented for each condition. During concrete trials, participants were told first to visualize a named animal (E1), then to evaluate whether that animal has a named characteristic only after having visualized relevant attributes (E2). During abstract imagery trials, participants were first asked to visualize the named animal (E1), and then (E2) to evaluate the abstract characteristic as quickly and accurately as possible. In this condition, characteristics were not directly visible, but could be inferred indirectly from behaviors; participants were told that visible information was not necessary to perform the task. Each type of trial was presented in a group in sequences lasting 280 sec. Before starting each sequence, participants were informed of the``concrete'' or`a bstract'' nature of the subsequent characteristics and were asked to close their eyes.
time it did not; we will refer to this second event as E2). Thus, we had a measure of activation when participants formed an image and another when they evaluated a characteristic of the object.
In addition, in separate sets of trials, we probed two types of characteristics: In one, the``concrete characteristic'' trials, the characteristics were visible details of the body. We asked the participants to use their images of the animals to evaluate these characteristics, e.g., they first may have heard``cat,'' and then``pointed ears.'' In this case, the participant was to decide whether cats have pointed ears by``inspecting'' the image. In the other set, the``abstract characteristic'' trials, participants evaluated characteristics that were not descriptions of body parts, but instead named abstract characteristics, e.g.,``cat'' and`i s affectionate.'' To perform this task, participants were told to make their judgments as quickly and accurately as possible without necessarily``looking'' at the image (Figure 1) . If the amount of detail necessary to perform the task is crucial, then we should find activation in the calcarine cortex when participants form images in anticipation of using them to answer questions about concrete details (during E1). Moreover, we should find more activation when they use the image to``inspect'' the details (during E2). By the same token, if this hypothesis is correct, then we should not find much activation, if any, The individual time course of imagery-related signal increases from the maximal activated voxel (Talairach coordinates: À8 À92 8) detected in the calcarine cortex during the performance of ten 28-sec concrete and abstract imagery trials are shown on the two graphs (green and red curves, respectively, with fitted estimation in gray lines). In each condition, a BOLD response could be monitored during each single event.
(c) Averaged BOLD responses of the calcarine maximal activated clusters during 60 trials of concrete (green curve) and abstract trials (red curve). The averaged BOLD response in relation to each type of event (E1 and E2) is represented during one 28-sec imagery trial. These curves illustrate that the response in the calcarine cortex increased with high reproducibility when participants evaluated either concrete or abstract characteristics.
when participants form an image in anticipation of evaluating an abstract characteristic (during E1), and none when they actually evaluate the characteristic (during E2).
RESULTS
Performance data showed that on average, participants required more time to evaluate the concrete characteristics than the abstract ones, with mean response times of 4,479 and 3,503 msec (paired t test, t(7) = 2.3, p = .05), and had corresponding error rates of 23% and 18%. This difference could be taken as evidence that the participants processed the two types of trials differently, but they may in fact merely indicate that the concrete characteristics were less familiar or, otherwise, more difficult to evaluate.
Significant activation was detected in the calcarine sulcus in all imagery conditions when participants formed images (E1), and when they evaluated the characteristics (E2). This calcarine activation was detected in both concrete and abstract conditions.
Time-Course Analysis
The time course of this calcarine activity was then examined, which reproducibly showed that a transient increase in BOLD response could be observed in the calcarine cortex for each individual imagery event over the course of both concrete and abstract sessions ( Figure 2b ). In order to consider the waveform and duration of the hemodynamic response, we computed for each participant the averaged signal for each event on each trial. The time course of activation was determined by averaging the time courses of all activated voxels within the maximal calcarine-activated cluster. The procedure used to define calcarine-active clusters is detailed in the Methods section. This averaging was performed separately for the concrete and abstract conditions. As shown in Figure 2c , the BOLD response reproducibly evolved over a 12±14-sec period, showing a delayed positive deflection about 2 sec after the For all eight participants, the extent of calcarine activation is reported in each condition by the number of voxels exceeding the significance level of p = .001, with the number of clusters identified within each VOI in parentheses. The peak z value is also given (z > 3.09 corresponding to p < .001). 
No. 8 ± ± ± ± ± ± verbal cue was presented and reaching a peak at around 6±8 sec.
Extent Analysis
We then analyzed the pattern of activation in the calcarine cortex. We measured for each participant and condition the number of voxels of clusters that had significant activation in the calcarine sulcus (see Methods). As summarized in Table 1 , we observed that the extent of activation in the calcarine cortex varied a large amount across participants. As is evident, the extent of activation in the calcarine cortex did not differ for the two imagery conditions across participants (paired t test, t(7) = .3, p = .76).
Amplitude Analysis
By comparing the amplitude of the response in the calcarine cortex as obtained for each condition during each type of trial (i.e., E1 and E2), we could not detect any differential effect of the imagery condition on the amplitude of response in the calcarine cortex (paired t test, t(7) = .5, p = .63). Hence, to analyze more closely the effect of the concrete versus the abstract imagery condition on calcarine activation, we computed for each participant the activation maps of the direct comparison between the response to concrete imagery with the response to abstract imagery (and vice-versa). As reported in Table 2 , we found that only two participants (no. 2 and no. 4) had more activation in the calcarine cortex when forming an image in anticipation of having to evaluate a concrete characteristic than when forming an image in preparation for the abstract evaluation (in``E1Conc. vs. E1Abs.''). When we contrasted the response elicited by the evaluation of concrete characteristics to the response to the evaluation of abstract characteristics (``E2Conc. vs. E2Abs.''), we did not detect significant activation in the calcarine cortex (with p = .001). However, two participants (no. 6 and no. 7) showed the reverse effect, having more activation on trials with abstract characteristics (``E2Abs. vs. E2Conc.''). By pooling E1 and E2 data for each participant, we found only one (no. 5) who had more activation in the calcarine cortex during concrete imagery (``Conc. vs. Abs.'') and one (no. 7) who had more activation for the reverse contrast (``Abs. vs. Conc.''). In short, overall, we did not find any significant effect of the concrete versus abstract imagery condition on calcarine activation. We then compared the image formation task (E1) and the evaluation task (E2). The contrast``evaluation'' versus``formation'' (``E2 vs. E1'') showed that seven of eight participants had more activity in the calcarine cortex when they evaluated characteristics than when they formed the images initially (Figure 3a) , as presented in Table 3 . This enhancement of activation was found when combining together the responses to concrete and abstract trials. When we examined the reverse contrast, only one participant (no. 8) showed stronger activation along the calcarine sulcus during E1 than during E2 (Table 3 and Figure 3b ).
Correlation Analysis Between Response Times and Calcarine Activation
We then asked whether the amount of activation in the calcarine cortex correlated with the response times during the evaluation task. The Pearson correlation was calculated between the averaged peak response of the maximal activated calcarine cluster and the response time recorded for each participant on each trial. Only response times on trials in which participants responded correctly were included. The analysis was performed separately for concrete and abstract characteristics. To select activated clusters, we used the same procedure used for BOLD response analysis. For peak response, we considered the maximal signal value at each voxel, then averaged these peak values across all voxels. Across all participants, we found that the response in the calcarine cortex to visual imagery was significantly negatively correlated with the evaluation times during both concrete and abstract conditions (with r(182) = À.20, p = .001, and r(193) = À.16, p = .01, respectively). We did not find any correlation between response times and the response in the calcarine cortex when participants responded incorrectly (with r(56) = À.04, p = .77 and r(45) = À.08, p = .56, respectively, for concrete and abstract imagery).
DISCUSSION
The results were clearcut: the calcarine cortex was activated when participants formed images, and was activated to the same degree whether or not high detail was actually necessary to perform the task. Indeed, to our surprise, this region was activated even when participants did not actually need to use the image to evaluate an abstract characteristicÐalthough in these cases, the image was apparently present, e.g., when deciding whether a cat is affectionate, participants sometimes reported visualizing a cat and``seeing'' it rub against someone's shin. One possible explanation is that the``abstract'' condition was not as abstract as we hoped, because the task involved evaluating characteristics of concrete``objects'' (animals) that can, in fact, be visualized. However, only two participants (no. 5 and no. 7) said that they actually``looked at'' the image to help them evaluate the abstract characteristics. Thus, simply forming an image seems to be enough to activate the calcarine cortex.
How, then, can we explain previous failures to find this effect? To our knowledge, this study is the first to report transient signal changes along the calcarine sulcus when participants, with eyes closed and in complete darkness, form images and evaluate imaged objects. It is unlikely that responses measured in the calcarine cortex during visual imagery are related to hearing the auditory cues because neuroimaging studies of the modulation of primary sensory cortices have reproducibly shown that selective attention to auditory or visual stimuli activates modality-dependent cortical areas (Bushara et al., 1999; Kawashima et al., 1999; Woodruff et al., 1996) . This technique, thus, appears to be significantly more sensitive than many of those used previously. Not only could neural activity be measured for each averaged trial type, but also, a single BOLD response could be monitored in this region during single visual imagery events, indicating that in the absence of retinal input, the formation of a single visual-mental image can induce a response in the earliest stages of the visual system. These ER-fMRI data also highlight the importance of individual variability, even within a single imagery session; such variability may have influenced previous results, particularly when data were averaged across long imagery periods (such as with block paradigm fMRI or positron emission tomography [PET] studies).
Although our data strongly suggest that methodological issues may be responsible for the previous``negative'' results of V1 activation, our results indicate that selective neural mechanisms may modulate the activity of primary visual cortex during visual imagery. Indeed, in seven out of eight participants, the amount of activation in the calcarine cortex was robustly larger (in terms of size of activation and in terms of magnitude of response) when participants evaluated either a concrete or an abstract characteristic (E2), than when they simply formed an image (E1). These mechanisms presumably are related to those used in attention; in fact, researchers have found that attention can modulate activation in V1 during visual perception (Brefczynski & De Yoe, 1999; Martinez et al., 1999; Somers, Dale, Seiffert, & Tootel, 1999) . Because successive events were separated in time by 14 sec, the enhanced activity observed in E2 cannot reflect the summation of BOLD responses elicited by preceding imagery events (Fransson, Kru Èger, Merboldt, & Frahm, 1998) .
Furthermore, our results indicate that less activation in the calcarine cortex was accompanied by longer evaluation times. This finding is consistent with the results of Kosslyn, Thompson, Kim, Albert, and Rauch (1996) , who found that participants with less regional cerebral blood flow (measured using PET) in V1 required more time to evaluate imaged letters for particular characteristics (such as the presence of a curved line). This finding is consistent with the general conclusion that task difficulty is not crucial for activation of V1 during visual-mental imagery; the strength of the activation in primary visual cortex during imagery does not increase with more difficult tasks. However, the difference between E1 and E2 indicates clearly that properties of the task are in fact important.
Because our design required participants to perform successive tasks that were linked to the same object in both the concrete and abstract conditions, it can be asked whether short-term visual recall of the image formed in E1 may have created``lingering activation'' that boosted activation during E2. Although imagery was not necessary to evaluate abstract characteristics, apparently having just formed an image (in E1),``primed'' the participants so that they formed images even when evaluating these characteristics. This would be consistent with earlier results indicating that neurons in V1 may retain information over time (Ishaõ È & Sagi, 1995) . It is possible that such a``low-level'' memory system during visual imagery subserves spatio-temporal associations across a transient time-window of a few seconds. To test this idea, one needs only to conduct a study like that reported here but in which E1 is omitted; if the present results are a consequence of having formed an image prior to evaluating that object, then when E1 is eliminated, activation in V1 should not occur when participants evaluate abstract characteristics.
Although understanding the precise nature of neural mechanisms that causally link activity in V1 to visual imagery requires further investigation, the present finding of transient and enhanced neural activity in the calcarine cortex provides strong evidence that visual-mental imagery recruits the earliest stages of the visual system.
METHODS

Participants, Task, and Stimuli
Eight participants (four male and four female, ages 20 to 25 years) volunteered to take part in the study. All participants gave their informed written consent. The study was approved by an Institutional Ethic Committee (#95-23).
Participants received six replicates of 10 imagery trials. Each imagery trial began with a 2-sec auditory presentation of the name of an animal (E1) followed 14 sec later by a 2-sec auditory presentation of a possible characteristic of the animal (E2). The six replicates were grouped into three experimental sessions. Each session consisted of two runs of either a concrete or abstract imagery condition. Participants reported their judgments for each characteristic by pressing a``yes'' or``no'' response key, with one key placed in each hand.
At the beginning of each replicate, participants were visually instructed about the nature of the subsequent set of characteristics. Thus, when generating the images in E1, they knew whether they would subsequently be asked to evaluate a concrete or abstract characteristic. This instruction was followed by a 14-sec rest period, where participants were told to close their eyes and relax.
A total of 60 names of animals were selected from a common French dictionary with the constraint that they were frequently used and had between two and three syllables. We formulated one concrete and one abstract characteristic for each animal. Concrete characteristics were easily visible parts, with each characteristic being described by between two and four syllables (such as``long ears''). Abstract characteristics were instead a behavioral tendency (such as``quite brave''), and these descriptors were between three and five syllables. Half the characteristics of each type did describe the animal, and half did not. Prior to the actual experiment, the characteristics were evaluated by 10 volunteers, who did not participate in the fMRI experiment (error rates: 13% for abstract characteristics, 25% for concrete characteristics).
Each animal appeared equally often with each type of characteristic. Each animal appeared only once with each type of characteristic, and did not appear more than once per run. The order of concrete and abstract conditions was counterbalanced across participants. Animals and characteristics were presented in a random order, except that no more than three``yes'' or``no'' characteristics appeared in succession. Participants received two practice runs before the actual experiment.
Imaging
Eighteen contiguous, axial, 5-mm±thick slices were acquired in three sessions of 308 scans each (repeat time, 2 sec) covering the whole occipital cortex. Six seconds of`d ummy'' gradient and radiofrequency (RF) pulses pre-ceded the actual data acquisition; fMRI data were acquired with a T2*-weighted gradient EPI sequence (TE = 40 msec, flip angle 908, 64 Â 80 pixels in a 24-Â 30-cm field-of-view) on a 3 T whole-body MRI system (Brucker, Karlsruhe, Germany). A standard RF head coil was used.
To help the participants hear the verbal instructions more easily, we employed a silent``non-encoding'' sequence by removing the gradient pulses used along the readout axis of the EPI sequence during the first brain volume acquisition of each epoch (Van de Moortele, Le Clec'H, Dehaene, & Le Bihan, 1998) . Auditory and visual stimuli were delivered through a PC computer synchronized with fMRI acquisitions, using``EXPE5'' software (Pallier, Dupoux, & Jeannin, 1997) .``Yes'' or`n o'' responses were recorded on-line, where response time was measured from the time of stimulus onset to the key response.
A T1-weighted 3-D Inversion-Recovery Fast Gradient Echo sequence for anatomical identification of activated foci (128 Â 128 Â 256 matrix, 1.5 Â 1.5 Â 1 mm resolution) was acquired following functional imaging. All experimental sessions occurred in complete darkness.
Data Analysis
Functional data from individual ER-fMRI series were first corrected for different slice acquisition time (using IDL software) and then, using Statistical Parametric Mapping (SPM 96; Friston, Jezzard, & Turner, 1994) , they were corrected for participant motion. Data were then transformed into the stereotaxic atlas space (Talairach & Tournoux, 1988 ) through a linear transform that was calculated by fitting the Montreal Neurological Institute (MNI) template. A spatial smoothing of 5 mm was applied to functional images using a gaussian spatial filter. Data were also highpass-filtered using a cut-off period of 60 sec (about twice the period of the paradigm) to correct for temporal drift.
Statistical analyses were performed on an individual basis. The fMRI time course in each voxel during visual imagery was analyzed using multiple linear regression with regressors related to the four different imagery conditions: (1) a response to E1 in the``concrete'' condition; (2) a response to E2 in the``concrete'' condition; (3) a response to E1 in the``abstract'' condition; (4) a response to E2 in the``abstract'' condition. For all conditions, we used the same model of hemodynamic response, assuming that each event would evoke a BOLD response immediately after the 2-sec verbal cue.
Other effects were also modeled according to the experimental conditions (visual, auditory instructions, and motor responses). In particular, response times recorded on each trial during imaging were also taken into account for the model of the motor response. The effects of interest were orthogonalized, which permitted responses to overlapping auditory events to be separated.
We computed statistical activation maps of: (1) the response to each event, corresponding to the amplitude of response normalized to the residual variance; (2) the contrasts between the conditions (``concrete'' and``abstract'' and vice-versa); (3) the contrasts between E1 versus E1, and vice-versa. These maps were thresholded using a voxel-wise significance level of p = .001. Because this analysis was directed specifically at the primary visual cortex, we did not correct for multiple comparisons (extent threshold: p = .5).
The location of the primary visual cortex was defined anatomically by identifying active voxels lying in the calcarine sulcus. Because there is an important interindividual variability in the location of the calcarine sulcus, this region was individually identified on 3-D anatomical sections for each participant. Activated clusters within the calcarine cortex were extracted by outlining a Volume of Interest (VOI) from the center of the calcarine sulcus, which was determined for each participant. We considered only voxels that were enclosed in the calcarine cortex and that exceeded the significance threshold of p = .001. For anatomical location, we chose as criterion that the Talairach coordinates of voxels should correspond to the Talairach coordinates of the calcarine sulcus. A simple visual-perceptual task, was also administered at the beginning of each imagery run to provide a coarse localization of occipital-visual areas. This task consisted in presenting a visual instruction that informed of the``concrete'' or``abstract'' nature of the subsequent characteristics. For the computation of averaged time courses, we chose the maximal activated cluster at each VOI. To estimate the effect of the imagery condition in terms of extent across participants, we counted up all the voxels of clusters that showed a significant effect in the calcarine cortex accounted for by the concrete imagery regressor, on the one hand, and by the abstract regressor, on the other hand, and then performed a paired t test. For amplitude, we used the same approach to select active calcarine voxels, but took the mean t value of all voxels showing an experimental effect in each condition and perform the t test across participants.
